Childhood cancer is rare everywhere in the world, with age-standardized annual incidence usually between 70 and 160 per million at age 0-14 years. Greater variation is seen between populations for some specific tumour types. Some of the largest variations are geographical and are attributable to environmental factors, whereas variation mainly on ethnic lines seems likely to be a marker of genetic predisposition. A wide range of familial and genetic syndromes is associated with an increased risk of childhood cancer. Virtually all the excess risk of cancer among first-degree relatives of children with cancer can be accounted for by known hereditary syndromes. Studies of weak predisposition and gene-environment interaction have so far shown limited consistency. There are very few established environmental or exogenous risk factors and most of these are infective agents. Many putative risk factors can hardly ever be investigated epidemiologically except by interview or questionnaire studies. Some recent examples illustrate the continuing problems of participation bias and recall bias. Oncogene (2004) 23, 6429-6444. doi:10.1038/sj.onc.1207717 Keywords: childhood cancer; incidence; familial syndromes; genetic associations; risk factors Cancer is very rare among children everywhere in the world. In industrialized countries, only about 0.5% of all cancers occur among children aged under 15 years. Whereas most adult cancers are carcinomas, childhood cancers are histologically very diverse. It is therefore more appropriate for childhood tumours to be classified principally according to histology rather than primary site. The standard scheme is the International Classification of Childhood Cancer (Krama´rova´and Stiller, 1996) , in which diagnostic groups are defined according to codes for morphology as well as topography in the second edition of the International Classification of Diseases for Oncology (ICD-O). The 12 major groups are leukaemias, lymphomas, brain and spinal tumours, sympathetic nervous system tumours, retinoblastoma, kidney tumours, liver tumours, bone tumours, softtissue sarcomas, gonadal and germ-cell tumours, epithelial tumours, and other and unspecified malignant neoplasms. A new version of the classification based on the third edition of ICD-O is in preparation.
The present review begins with a brief account of the incidence of childhood cancer, including international and ethnic variations that relate to known or postulated genetic or environmental elements in its aetiology. This is followed by a review of the genetics of childhood cancer from an epidemiological standpoint and a brief discussion of selected risk factors that have been the subject of recent reports or illustrate methodological difficulties.
Incidence
Unless otherwise stated, the data on incidence are taken from the IARC study International Incidence of Childhood Cancer (Parkin et al., 1988 (Parkin et al., , 1998 . The total incidence rate is usually in the range 70-160 per million children. There are marked variations between populations in the incidence of particular types of childhood cancer and these can provide valuable pointers to aetiology. Table 1 summarizes international variations in incidence from population-based registries.
Among predominantly white populations of Europe, the Americas and Oceania, and in much of eastern Asia, about a third of all childhood cancers are leukaemias, with an age-standardized rate (ASR) of 35-50 per million. Incidence is somewhat lower, usually below 30 per million, in South Asia and the Middle East and among Black children in the USA and sub-Saharan Africa.
This international variation is largely accounted for by acute lymphoblastic leukaemia (ALL), which comprises around 80% of the total in many populations. High incidence of ALL, up to 40 per million, occurs in the predominantly white populations of North America, Western Europe and Oceania, and also in the Chinese of Hong Kong and Singapore. Somewhat lower rates, around 20-30 per million, have tended to be found in the former socialist countries of Eastern Europe, and in Japan, much of Latin America, and parts of the Middle East. Incidence is still lower, 15-20 per million among US Blacks and in India, and lowest of all in much of sub-Saharan Africa. In general, incidence is correlated with levels of socioeconomic development. The most notable exception to this pattern is that the highest incidence has been recorded among Hispanic populations not only in California (Glazer et al., 1999) and Florida (Wilkinson et al., 2001 ) but also in Costa Rica. The already high incidence recorded in Costa Rica in the early 1980s was tentatively linked with high levels of pesticide use (Linet and Devesa, 1991) . After increasing throughout the 1980s, incidence declined again during 1991-1996, but the reasons for this are unclear (Monge et al., 2002) .
The common (early pre-B) immunophenotype accounts for around 70% of childhood ALL in highincidence populations, and the early peak in total incidence is due to the especially marked peak for this subtype (Greaves et al., 1993) . In lower-incidence populations such as India (Rajalekshmy et al., 1994) and Nigeria (Greaves et al., 1993) , common ALL accounts for only a third of cases, and T-cell ALL, whose incidence is relatively constant throughout childhood, has a higher relative frequency.
The strong association of higher incidence of common ALL in early childhood with higher levels of socioeconomic development suggests that environmental factors linked to affluence are important in its aetiology. Further evidence is provided by the emergence of the early childhood peak in Britain and among US Whites during the first half of the twentieth century (Court Brown and Doll, 1961) . The more moderate peak among US Blacks had appeared by the 1970s. In the Czech Republic, incidence of ALL at age 1-4 years increased with improving socioeconomic conditions during the 1990s, resulting in a more marked early peak similar to that in Western Europe (Hrusa´k et al., 2002) .
Acute myeloid leukaemia (AML) usually has an incidence rate of 4-10 per million. There is little systematic variation between regions of the world or ethnic groups, and a high relative frequency of AML is generally a consequence of lower incidence of ALL rather than a raised risk of AML. High incidence rates, 11-14 per million, have been recorded among two indigenous Pacific island populations, the Maori of New Zealand and Hawaiians of Hawaii. The reasons for this are unknown but the fact that the high incidence in each case occurs in one ethnic group of a multiethnic country suggests that genetic predisposition is important.
The highest incidence of childhood Hodgkin's disease, commonly above 7 per million, is found in Western Asia and North Africa. Moderately high rates have also been found in some parts of India and Latin America. In all those regions, the age-incidence curve rises fairly gently from early childhood, sometimes with a peak in the 5-9 years age group, and substantial numbers of cases are of mixed cellularity subtype. Among predominantly white, Western populations, by contrast, total incidence is usually below 7 per million, there is a steep rise throughout childhood and nodular sclerosis accounts for the majority of cases. These patterns are consistent with the long-standing suggestion of accelerated onset in poor socioeconomic environments. Epstein-Barr virus (EBV) is implicated in more than half of all cases worldwide. EBV positivity in the malignant cells is most frequent in mixed cellularity Hodgkin's disease and in cases from developing countries (Glaser et al., 1997) . Around 60% of childhood Hodgkin's disease in industrialized countries and 80% in developing countries may be a rare response to EBV infection, together with an unidentified cofactor related to the socioeconomic level of the population (Parkin et al., 1999) . Incidence is generally below 3 per million in populations of East Asian ethnic origin, in both Asia and Hawaii, suggesting that genetic predisposition is also important.
Burkitt's lymphoma (BL) has a very high incidence in parts of tropical Africa and in Papua New Guinea, where it is the commonest childhood cancer. Nearly all cases in this high incidence zone are associated with Table 1 Childhood cancer incidence and age-standardized annual rates per million in children aged 0-14 years, 1980 0-14 years, -1994 0-14 years, (Parkin et al., 1998 (Crawford, 2001) . Elsewhere in the world, it is difficult to distinguish the patterns of incidence of BL from those for other non-Hodgkin lymphoma (NHL), despite the characteristic histology and cytogenetics of BL. BL everywhere can be identified by breakages and translocations in chromosome 8, but the precise breakpoint on chromosome 8 varies geographically (Shiramizu et al., 1991; Gutie´rrez et al., 1992) . EBV is associated with 50-70% of BL in North Africa and South America and around 20% in Europe and North America (Crawford, 2001 ). In the latter regions, at least, the cofactor is very unlikely to be malaria and is as yet unknown. Outside the endemic BL zone, the highest incidence of total NHL in childhood occurs in Mediterranean and Middle Eastern countries and in parts of Latin America. The Israeli-born offspring of migrants to Israel from elsewhere in Asia and North Africa retain their high incidence, indicating a likely role for genetic susceptibility (Iscovich and Parkin, 1997) . Brain and spinal tumours are collectively outnumbered only by leukaemia among children of industrialized countries, with incidence nearly always between 25 and 40 per million. Recorded rates in developing countries are much lower, usually below 15 per million but it is impossible to tell how much of the deficit represents reduced risk rather than underdiagnosis and underascertainment. In the US, Black children have lower incidence than Whites, and in California the incidence was lower in Hispanic than non-Hispanic Whites (Glazer et al., 1999) . Incidence is lower among non-Jews than Jews in Israel and lower among Malays than Chinese in Singapore. These differences are far from infallible pointers to differential genetic predisposition, as the lower rates in economically disadvantaged populations may reflect poorer access to medical care. In New Zealand, however, Maori and non-Maori children have similar total incidence, while in Britain low incidence among South Asian compared with White children seems to be due to a marked deficit among those of Indian rather than Pakistani origin, despite the lower socioeconomic status of the latter group (Powell et al., 1995) . The most frequent childhood CNS tumours are astrocytomas, followed by primitive neuroectodermal tumours (PNETs). Patterns of incidence for astrocytomas tend to be similar to those for all brain and spinal tumours combined. The highest rates for PNET have been found in New Zealand Maori and the Hawaiian ethnic group in Hawaii, the two ethnic groups that also have the highest incidence of childhood AML. Incidence of childhood CNS tumours has increased at upwards of 1% per year in several countries. It has been suggested that a rather sudden increase in the US in the 1980s, especially for low-grade gliomas, was an artefact of diagnosis following the widespread introduction of MRI scanning (Smith et al., 1998) . Steady increases in the incidence of pilocytic astrocytoma and PNET over a 45-year period in North West England are less readily explained by changes in diagnostic or reporting practice and are consistent with increasing exposure to environmental risk factors (McNally et al., 2001 ).
Nearly all childhood cancers of the sympathetic nervous system are neuroblastomas. Recorded incidence tends to be lowest in developing countries, probably as a result of under diagnosis and underascertainment. Neuroblastoma is the only childhood cancer for which mass screening has been shown to be feasible. Screening has been offered nationally in Japan, and has been the subject of population studies in several other countries. It has invariably led to a substantial increase in incidence in the first year of life but little or no decrease among older children and little effect on mortality (Ajiki et al., 1998; Schilling et al., 2002; Woods et al., 2002) . Many neuroblastomas, especially in very young children, regress spontaneously and the increase in infants with screening is clearly due to over diagnosis. Even without mass screening, neuroblastoma can be readily detected incidentally at routine examinations or during investigation of an unrelated disorder (Powell et al., 1998) . In a European comparative study, the lower total incidence in the UK than in France and Germany was the result of a substantial deficit of early-stage disease among infants, partially offset by higher incidence of metastatic disease among older children (Powell et al., 1998) . It was suggested that in the UK, diagnosis was delayed and some over diagnosis avoided because of less rigorous routine child health checks.
Retinoblastoma essentially occurs in two forms, heritable and nonheritable. The heritable form includes all cases of bilateral disease and a small number of children with unilateral tumours; the incidence of bilateral retinoblastoma is a close minimum estimate for that of the heritable form. Total incidence is generally higher in developing countries, especially in sub-Saharan Africa; Black children have a higher incidence than Whites in the US. Incidence of bilateral retinoblastoma varies little between regions of the world or ethnic groups and the higher total incidence in many developing countries reflects a higher risk of developing unilateral, predominantly nonheritable disease. These variations therefore presumably result from environmental factors operating after conception rather than from parental germ-cell mutation. Retinoblastoma incidence has been correlated with ultraviolet radiation in international data (Hooper, 1999) , but the association was not present in the US and became nonsignificant internationally after adjusting for ethnic group and tropical climate (Jemal et al., 2000) . The only notable variation in the incidence of bilateral retinoblastoma is in the US, where a higher total incidence among Blacks compared with Whites is due to an excess of bilateral disease. The causes of this are unknown but it seems unlikely that an environmental factor could cause increased risk of newmutation bilateral disease but not of unilateral disease in one ethnic group.
The highest incidence of Wilms' tumour, the most common childhood renal tumour, occurs in some Black populations in Africa and the USA, with rates commonly in the range 9-12 per million. Among White populations, the incidence is generally somewhat lower, typically 6-10 per million. Consistently lower rates, under 5 per million, are found throughout East Asia, and ethnic East Asian children in California and Hawaii also have lower incidence. The variation in Wilms' tumour largely along ethnic rather than geographical lines suggests a strong element of genetic predisposition in its aetiology. Further evidence for this is provided by the finding of genetic differences between Wilms' tumours in Japanese and White children (Nakadate et al., 2001) .
Malignant liver tumours in children are mostly hepatoblastoma or hepatocellular carcinoma (HCC). There is little geographic variation in incidence of hepatoblastoma. HCC is rare in childhood in Europe and North America and most common in those regions where there are also high rates in adults, namely subSaharan Africa, East and South-East Asia, and Melanesia. Nearly all childhood cases in these areas occur in chronic carriers of hepatitis B (Wu et al., 1987) . Mass immunization against hepatitis B in Taiwan has been followed by a reduction in incidence of HCC in childhood (Chang et al., 1997) .
Almost all malignant bone tumours in children are osteosarcoma or Ewing's sarcoma. There is rather little geographic or ethnic variation in the incidence of osteosarcoma. Ewing's sarcoma is especially rare among Black and East Asian populations, suggesting the existence of predisposing or protective genetic factors. Genetic differences have been observed between Ewing's tumours from Japanese and Caucasian patients (Ozaki et al., 2002) .
The most frequent soft-tissue sarcoma of childhood in most regions of the world is rhabdomyosarcoma. Incidence rates are around 4-6 per million in Europe, the Americas, and Oceania. In most of Asia, the incidence of rhabdomyosarcoma tends to be somewhat lower. In India it is only 2-3 per million and, while the deficit could be partially accounted for by underascertainment, the lower incidence among ethnic South Asian children in Britain suggests a lower risk, most likely due to lower genetic susceptibility (Powell et al., 1995) . In Africa, the incidence of rhabdomyosarcoma is unremarkable, but in many sub-Saharan countries Kaposi's sarcoma has long been the commonest softtissue sarcoma among children. Before the AIDS epidemic, it had an incidence in childhood of 2-2.5 per million in Uganda and Zimbabwe, attributable to the endemic form of the disease. Since then, the incidence rose to over 50 per million in Kampala, Uganda (Wabinga et al., 2000) and 10 per million among Africans in Harare, Zimbabwe. These increases are clearly related to the AIDS epidemic, which has been exceptionally severe in East and Central Africa. Much of the increase may be explained by heightened susceptibility to HHV8 among HIV-positive children. In a Ugandan case-control study, HIV infection was associated with an odds ratio of 95 for Kaposi's sarcoma (Newton et al., 2001) . In another study in the same country, however, only 78% of children with Kaposi's sarcoma were HIV positive (Ziegler and KatongoleMbidde, 1996) , indicating that a raised prevalence of HHV8 has also contributed to the increase.
Germ-cell tumours generally account for under 4% of all childhood cancers. There is a well-known excess of intracranial germ-cell tumours in Japan but similar incidence is found in Singapore Chinese. The highest incidence of malignant germ-cell tumours of gonadal and other sites has also been recorded in East Asia.
Adrenocortical carcinoma (ACC) almost always has an incidence among children of less than 0.5 per million. It is, however, much more common in southern Brazil, with an incidence of at least 1.5 per million in Sao Paulo and Parana (Sandrini et al., 1997) .
The commonest site for carcinomas in children in many world regions is the thyroid, although incidence seldom exceeds 1.5 per million. Differentiated carcinomas, predominantly papillary, are most frequent. An enormous increase in thyroid carcinoma was observed in areas of Belarus, Ukraine, and Russia most heavily contaminated by fallout from Chernobyl. Some of the excess may well have been due to intensified case-finding but the scale of the increase and the unusually aggressive histology of many of the tumours strongly suggest a substantial excess risk attributable to radiation exposure (Moysich et al., 2002) . Further support for an association with short-lived radioactive fallout is provided by the fact that incidence returned to pre-Chernobyl levels among children conceived after the explosion of the nuclear reactor (Shibata et al., 2001) .
The highest incidence, up to 3 per million, of nasopharyngeal carcinoma in childhood is found in North Africa, a region of intermediate risk for adults. Among Jewish children and adolescents born in Israel, the highest incidence is among those whose parents were born in North Africa (Steinitz et al., 1990) . East Asian populations, who have the highest incidence among adults, have moderately high incidence in childhood, up to 1 per million. Predominantly white populations in industrialized countries hardly ever have an incidence above 0.4 per million. In France, the incidence was 0.8 per million but it is not known what proportion of cases occurred in children of North African ethnic origin. In the USA, a similar incidence was found in black children, five times that in whites. Virtually all nasopharyngeal carcinoma in regions of moderate to high incidence is associated with EBV, as is a high proportion of cases in low-incidence regions (Parkin et al., 1999) . The cofactors are unknown, but presumably vary in type or prevalence between populations with different incidence rates.
By far, the highest incidence of skin carcinoma in childhood occurs in Tunisia, where both squamous cell and basal cell carcinomas are seen in association with xeroderma pigmentosum.
Malignant melanoma has an incidence of about 1 per million in most childhood populations. The highest rates have been found in Oceania. While some registrations may have been cases that were in fact nonmalignant, the incidence in New Zealand of malignant melanoma confirmed by pathology review was still double that in white populations of the northern hemisphere (Becroft et al., 1999) . The relatively high incidence in the region, which also has the highest incidence among adults, is presumably the result of heavy exposure to sunlight in predominantly fair-skinned populations.
Genetics
It is a truism that cancer is a result of genetic alteration. The age-incidence patterns and cell types of origin for many childhood cancers point to an origin at latest in utero. Chromosome translocations involved in many childhood leukaemias have been shown to originate during fetal haematopoiesis on the basis of studies of monozygotic twins concordant for leukaemia (Greaves et al., 2003a) and by detection in neonatal blood spots (Greaves and Wiemels, 2003b) . The genetic mechanisms underlying childhood cancer have been reviewed elsewhere (e.g. Anderson and Pritchard-Jones, 2004 ). The present review will concentrate on familial aggregations of childhood cancers and associations with specific genetic syndromes, with particular attention, where possible, to risk estimates.
Familial aggregations have long proved a fruitful field for research into genetic aetiology. Pairs of siblings with childhood cancer certainly occur more often than would be expected by chance, and the risk of childhood cancer in a sibling of an affected child without a known family history is approximately doubled (Draper et al., 1977) . When cancer does occur in a second sibling, however, this will often be the defining event for the existence of a known syndrome in the family concerned. Populationbased studies in the Nordic countries have shown that there is virtually no excess risk of cancer in the siblings, parents, or offspring of children with cancer that cannot be accounted for by known hereditary syndromes (Olsen et al., 1995; Sankila et al., 1998; Winther et al., 2001) . The contribution of any as yet undefined familial syndromes is therefore likely to be very small, although this need not make their discovery be of little scientific importance. Table 2 lists the principal familial neoplastic syndromes that give rise to an increased risk of childhood cancer.
Retinoblastoma is the classic example of a cancer resulting from an inherited genetic abnormality. There are numerous families with more than one affected member, often in more than one generation. In most familial cases, both eyes are affected. Heritable retinoblastoma is usually defined as any case with bilateral tumours or a family history. Retinoblastoma results from two mutations in the RB1 tumour suppressor gene. In heritable cases, the first mutation is prezygotic, which either is inherited or is a rare germ-cell mutation; in nonheritable cases, both mutations are postzygotic. The pattern of inheritance is autosomal dominant, with penetrance about 90% where an affected parent has bilateral tumours and probably somewhat lower in the rare cases of unilateral heritable retinoblastoma. About 2% of sporadic unilateral cases in fact carry the retinoblastoma gene and the probability that a child of a sporadic unilateral case will be affected is about 1% (Draper et al., 1992) . When that happens, of course, the family is redefined as having heritable retinoblastoma. The survival rate from retinoblastoma has been very high for many decades, and several families with the disease in multiple generations had already been reported half a century ago. Survivors have a remarkably high risk of developing further primary tumours, many of which are definitely unrelated to treatment received for retinoblastoma. The incidence of osteosarcoma, occurring mainly in the first three decades, is hundreds of times that in the general population (Draper et al., 1986; Wong et al., 1997) . The elevated risk of developing subsequent primaries continues in later life, although the specific types of cancer change with advancing age. The excess risk may be especially high for malignant melanoma and for carcinoma of the lung and bladder (Sanders et al., 1989; Kleinerman et al., 2000) .
Familial aggregations of the other characteristic embryonal tumours of childhood are comparatively rare. In the US, only 1.5% of 6209 children with Wilms' tumour in the National Wilms' Tumor Study (NWTS) had a family history of the disease (Breslow et al., 1996) . Not only does bilateral disease represent a much smaller proportion of total cases in Wilms' tumour than in retinoblastoma, around 7%, family history of the same tumour is also much rarer -3.3% in the NWTS (Breslow et al., 1996) . While the proportion of familial cases is expected to rise following increased survival, it will always be small compared with the proportion of retinoblastoma with family history (Li et al., 1988b) . There are at least three familial Wilms' tumour susceptibility genes, and possibly more (Rapley et al., 2000) . Familial aggregations of neuroblastoma are even more infrequent. While several chromosomal regions have been investigated, no candidate region or gene has yet been linked to familial neuroblastoma (Perri et al., 2002) .
The Li-Fraumeni cancer family syndrome (LFS) was first identified with children who had rhabdomyosarcoma as probands. The formal definition of LFS is a proband with sarcoma diagnosed before the age of 45 years, a first-degree relative with any cancer also before the age of 45 years, and another first or seconddegree relative with sarcoma at any age or any cancer before the age of 45 years (Li et al., 1988a) . The cancers that are characteristic of LFS include soft-tissue sarcomas, adrenocortical carcinoma, premenopausal breast carcinoma, central nervous system tumours, and osteosarcoma. The relative risk of childhood cancer is about 20. Subsequently, Li-Fraumeni-like syndrome (LFL) was defined as a proband with any tumour before the age of 45 years, or a sarcoma, brain tumour or adrenocortical tumour before the age of 45 years, together with a first-or second-degree relative with a typical LFS tumour at any age, and another first-or second-degree relative with any cancer before the age of 60 years (Birch et al., 1994) . In the largest single study, germline mutations of the TP53 tumour suppressor gene have been detected in 77% of LFS and 40% of LFL families (Varley, 2003) . Germline mutations of TP53 are present in over 80% of unselected children with adrenocortical carcinoma Ribeiro et al., 2001) and were detected in 10% of a series of children with rhabdomyosarcoma and no family history (Diller et al., 1995) . An inherited mutation of TP53 that was found in 35 of 36 children with ACC from the high-incidence area of southern Brazil appears to be specific to the geographical area (Ribeiro et al., 2001) . The causes are unknown but seem likely to be environmental. Among family members of a large series of children with soft-tissue sarcoma, the risk of lung cancer in carriers of a TP53 mutation was 38.5 times that in noncarriers (Hwang et al., 2003b) .
In LFS families where no TP53 mutation has been found, this could of course be due to chance or failure of detection. Some LFS or LFL families have been found to have germline mutations of other genes, however, including CHK2 (Bell et al., 1999) and SNF5 (Se´venet et al., 1999) . Mutations of SNF5 have been particularly associated with choroid plexus tumours and atypical teratoid rhabdoid tumours of the brain (Biegel et al., 1999; Taylor et al., 2000) .
Turcot's syndrome encompasses two distinct groups of patients with brain tumours and colorectal polyposis or cancer (Paraf et al., 1997) . The first consists of children and adolescents with gliomas, usually highgrade astrocytomas, and colorectal adenomas without polyposis, and their siblings with glioma and/or colorectal adenoma. The risk of a brain tumour in members of families with hereditary nonpolyposis colorectal cancer is about five times that in the general population (Vasen et al., 1996) . The risk of brain tumours is higher in MSH2 mutation carriers than in MLH1 mutation carriers (Vasen et al., 2001) . In the second group, the brain tumours are usually medulloblastomas and occur in members of familial adenomatous polyposis (FAP) families.
Hepatoblastoma is about 100 times commoner in FAP families than in the general population (Garber et al., 1988) .
The proportion of childhood medulloblastoma due to Gorlin syndrome is 2-3% (Cowan et al., 1997) . The tumours are always of the desmoplastic subtype (Cowan et al., 1997; Amlashi et al., 2003) .
Neurofibromatosis type 1 (NF1) carries an increased risk of several types of childhood cancer, of which CNS tumours, especially astrocytoma, are the most frequent. The risk of optic nerve glioma (astrocytoma) by age 15 years among children with NF1 is 4-5% (McGaughran et al., 1999) . The relative risk of death from malignant brain tumours among US children and adolescents with NF1 was 4 at age 0-9 years and 11 at age 10-19 (Rasmussen et al., 2001) . The relative risk of childhood CNS tumours in NF1 is over 40 (Narod et al., 1991) . There is a similar relative risk for soft-tissue sarcomas, with the excess accounted for by malignant peripheral nerve sheath tumours and rhabdomyosarcoma (Narod et al., 1991) . The relative risk is highest, about 200, for juvenile myelomonocytic leukaemia (Stiller et al., 1994) . Relative risks of around 5 were found for ALL and NHL in children with NF1 (Stiller et al., 1994) . It now seems likely that some of these children in fact had the NF1-like syndrome of multiple cafe au lait spots that has been reported in several families with germline mutations of the DNA mismatch repair genes MLH1 (Ricciardone et al., 1999; Wang et al., 1999) or MSH2 (Whiteside et al., 2002; Bougeard et al., 2003) .
Neurofibromatosis type 2 (NF2) has only a tenth of the frequency of NF1 and the most commonly associated CNS tumours are meningiomas; it must therefore account for a much lower proportion of childhood cancer than NF1. In many instances where childhood meningioma is the first symptom, NF2 is only diagnosed in adulthood. Among 22 cases of meningioma in the population-based Manchester Children's Tumour Registry, at least three went on to develop classic features of NF2 .
Half of the children in Britain with medullary thyroid carcinoma diagnosed during 1971-1983 were from families with multiple endocrine neoplasia type 2 (MEN2) (Narod et al., 1991) , but the proportion will probably have decreased since then with widespread prophylactic thyroidectomy in MEN2 families.
Several inherited immune deficiency syndromes carry an increased risk of childhood cancer, mainly lymphomas and leukaemias (Table 3 ). Owing to their rarity, they account together for less than 0.1% of all childhood cancers. Numerically, the most important is ataxia telangiectasia; more than 10% of affected children develop lymphoma or leukaemia before 15 years (Morrell et al., 1986) . There is a similar incidence of NHL among children with Wiskott-Aldrich syndrome (Sullivan et al., 1994) . Bloom syndrome, common variable immunodeficiency syndrome, X-linked agammaglobulinaemia, IgA deficiency, severe combined immunodeficiency (SCID), Duncan's disease, and Nijmegen breakage syndrome are all associated with a high risk of NHL and leukaemia but these extremely rare syndromes between them only account for a handful of new childhood cancers worldwide (Mueller and Pizzo, 1995; German, 1997; The International Nijmegen Breakage Syndrome Study Group, 2000) . Other childhood cancers reported more than once in Bloom syndrome are Wilms' tumour and osteosarcoma (German, 1997) . In a trial of gene therapy for SCID, two of 10 children developed T-cell ALL, thought to be the result of insertional oncogenesis (Kohn et al., 2003) .
The most common inherited bone marrow failure syndromes associated with childhood cancer (Table 3) are Fanconi anaemia (FA), Diamond-Blackfan anaemia (DBA) and Shwachman-Diamond syndrome (SDS). The risk of AML or myelodysplasia by age 15 years in FA is in the range 5-15% (Kutler et al., 2003; Rosenberg et al., 2003) . HCC is also seen, almost always following androgen therapy for aplastic anaemia (Alter, 2003) . No risk estimates appear to have been published, but children with DBA probably have an excess risk of AML and osteosarcoma (Lipton et al., 2001) . The risk of AML in SDS varies widely between series but seems likely to be around 10% in the first 15 years of life (Dror and Freedman, 2002) .
FA is one of a group of autosomal recessive DNA repair disorders associated with childhood cancer, which also includes ataxia telangiectasia, Bloom syndrome, and Nijmegen breakage syndrome, all mentioned above, together with xeroderma pigmentosum (XP) and Rothmund-Thomson syndrome (RTS) ( Table 4 ). In the US XP Registry, carcinomas and melanomas of the skin and cancers of the anterior eye and of the tongue all occurred at age 0-19 years at least 1000 times as frequently as in the general population (Kraemer et al., 1994) ; basal cell carcinoma was roughly twice as common as squamous cell. In the largest reported series of RTS patients, 32% developed osteosarcoma at a median age of 11.5 years (Wang et al., 2001) .
Miscellaneous non-neoplastic genetic syndromes that are associated with an increased risk of childhood cancer are listed in Table 4 . (Coppes et al., 1994) . A Danish record linkage study gave a relative risk of 67 for Wilms' tumour in children with sporadic aniridia (Grnskov et al., 2001) . DenysDrash syndrome carries a much higher risk of Wilms' tumour, around 90% (Coppes et al., 1994) .
The most common overgrowth syndrome associated with childhood cancer is Beckwith-Wiedemann syndrome (BWS), with a cumulative cancer risk of 10% by age 4 years (DeBaun and Tucker, 1998) . Wilms' tumour is the most frequent cancer in BWS, and there is also a raised risk of hepatoblastoma, neuroblastoma, and pancreatoblastoma (Drut and Jones, 1988; DeBaun and Tucker, 1998) . Hemihypertrophy, alone or as part of BWS, is associated with Wilms' tumour, hepatoblastoma, and adrenocortical carcinoma (Sotelo-Avila et al., 1980) . The risk of childhood cancer in isolated hemihypertrophy has been estimated as 6% (Hoyme et al., 1998) . In Costello syndrome, which can resemble BWS in neonates, the risk of rhabdomyosarcoma may be as high as 10%, and there also appears to be an unusually high risk of bladder carcinoma at very young ages (Gripp et al., 2002) . Simpson-Golabi-Behmel syndrome is phenotypically similar to BWS; among 18 affected boys, two had Wilms' tumour, including one who had originally been given a diagnosis of BWS (Lindsay et al., 1997) . The even rarer Perlman syndrome, which also overlaps phenotypically with BWS, again has a raised risk of Wilms' tumour (Henneveld et al., 1999) . A wide variety of childhood cancers has been associated with Sotos syndrome, with the risk estimated as one in 41 (Hersh et al., 1992) , but this should be treated with caution because of past difficulty in distinguishing from other disorders such as Weaver syndrome (Opitz et al., 1998) .
Among patients with either form of tuberous sclerosis, 5-14% develop brain tumours in childhood (Webb et al., 1996; Lindor and Greene, 1998) . About 0.5% of all childhood CNS tumours are associated with tuberous sclerosis (Narod et al., 1991) .
In a multicentre review of children with tyrosinaemia who survived to at least 2 years, a third developed HCC, with the peak age at diagnosis lying between 4 and 5 years of age (Weinberg et al., 1976) . The incidence of HCC in tyrosinaemia should have decreased in recent years with the adoption of prophylactic liver transplantation. Table 5 shows numerical chromosome abnormalities associated with childhood cancer. Of these, Down syndrome accounts for by far the largest number of cases. Very high relative risks of leukaemia have been repeatedly found (Hasle et al., 2000; Hermon et al., 2001) , about 50-fold in the first 5 years of life and 10-fold in the next 10 years. About 60% of the leukaemias are ALL and 40% are AML; 2-3% of children with leukaemia have Down syndrome. There is strong evidence of an excess of germ-cell tumours (Hasle et al., 2000; Hasle, 2001; Satge´et al., 2003) , although their much smaller numbers make it hard to estimate the risk. With the possible exception of lymphoma and retinoblastoma (Satge´et al., 2003) , however, other solid tumours occur less frequently than expected in children with Down syndrome. In particular there is a complete absence of neuroblastoma (Satge´et al., 1998; Satge´et al., 2003) and Wilms' tumour (Olson et al., 1995; Satge´et al., 2003) , raising the possibility that there are genes on chromosome 21 that protect against a wide range of cancers.
Wilms' tumour is associated more frequently than expected with trisomy 18 and the tumours are diagnosed at unusually high ages (Olson et al., 1995) . In a cohort study of Turner syndrome patients, there was no excess of any type of cancer , although three girls in a series of 394 with Turner syndrome developed neuroblastoma (Blatt et al., 1997) and an excess of Turner syndrome has been found in Wilms' tumour (Olson et al., 1995) . Adolescents and young men with Klinefelter syndrome in a record-based cohort study had a relative risk of 67 for mediastinal germ-cell tumours (Hasle et al., 1995) .
In addition to their contribution to the understanding of carcinogenesis, studies of genetic syndromes associated with childhood cancer can also be important for the care of long-term survivors. The increased risk of lung cancer in survivors of heritable retinoblastoma indicates that it is unusually important for them to avoid smoking. While the relative risk of lung cancer associated with cigarette smoking may be lower in germline TP53 mutation carriers than in the general population (Hwang et al., 2003a) , the absolute risk is still much higher, implying that it is especially important for this group also not to smoke.
Weak predisposition and gene-environment interaction
Possible associations of childhood ALL with HLA haplotypes have been studied for more than 30 years. Recent studies have investigated associations with HLA-DP, -DQ, and -DR. A preliminary study in north west England found a positive association between common ALL and the HLA-DPB1 locus allele *0201 (Taylor et al., 1995) . A subsequent, much larger UK national study confirmed this finding, and additionally found a positive association between T-cell ALL and *0201 and a decreased risk of common ALL associated with (Taylor et al., 2002) . The earlier study also found positive associations with DQB1*05 (Dearden et al., 1996) and, for boys only, with DQA1*0101/*0104 and DQB1*0501 (Taylor et al., 1998) ; these results have yet to be confirmed from the national study. Two studies, in Wales (Dorak et al., 1999) and Turkey (Dorak et al., 2002) , found significant associations of ALL with HLA-DRB4 in boys only. All these results support an infective aetiology for childhood ALL, although it has also been pointed out that increased parental HLA-DR compatibility is associated with a history of spontaneous abortion, which has emerged as a risk factor in several case-control studies of ALL (Dorak et al., 1999) . The most comprehensive investigation so far of genetic variation in metabolic pathways in relation to a childhood cancer is a study of ALL among the white French-Canadian population of Quebec (Krajinovic et al., 2001) . The CYP1A1*2A and GSTM1 null genotypes were both associated with an increased risk of ALL . CYP1A1 is important in the activation of polycyclic aromatic hydrocarbons, which are present in cigarette smoke. While there was no association overall of ALL with reported parental smoking, there was some evidence for an increased risk with maternal smoking in pregnancy and paternal smoking postnatally among children with the CY-P1A1*2A allele (Infante-Rivard et al., 2000) . Among children with the CYP1A1m1 or CYP1A1m2 mutation, there was some evidence for an increased risk with maternal use of pesticides during pregnancy or the child's exposure to them postnatally, although the numbers were small and there was only limited consistency in the results (Infante-Rivard et al., 1999) .
Carriers of CYP2E1*5 had a raised risk of ALL, as did carriers of NQO1*2 and *3; a gene-gene interaction between the GSTM1-null genotype and NQO1 mutant alleles was also found (Krajinovic et al., 2002) . Overall, there was a protective effect of maternal alcohol consumption during pregnancy, tentatively attributed to the effects of flavonoids, but there were significantly raised interaction odds ratios for the GSTM1-null genotype and third-trimester consumption and for CYP2E1*5 and consumption during the nursing period (Infante-Rivard et al., 2002b) . Exposure to trihalomethanes, byproducts of disinfection, in drinking water was a risk factor during pregnancy for CYP2E1*5 and postnatally for the GSTT1-null genotype (InfanteRivard et al., 2002a) . Slow NAT2 acetylation genotype had a raised odds ratio for ALL, and the risk was further increased for NAT2 slow acetlylators who also had the GSTM1-null or CYP1A1*2A genotypes .
Finally, while there was little evidence that variants in the mismatch repair genes MLH1 and MSH3 were independent risk factors for ALL, MLH1 variant Val-219 increased the risk of ALL associated with GSTM1, CYP1A1*2A, and CYP2E1*5 (Mathonnet et al., 2003) , and MLH1 (ex 8) was associated with a reduction of risk from postnatal X-ray exposure among girls (InfanteRivard, 2003 ).
Some of these polymorphisms have been investigated in other studies of childhood leukaemia. In two US studies, one at St Jude Children's Research Hospital and the other in the multi-institution Children's Cancer Group (Davies et al., 2002) , frequencies of GSTM1 null and GSTT1 null were similar for cases and controls among white children. There were nonsignificant excesses of GSTM1 null among black cases in both studies and no consistent effect for GSTT1 null among blacks. A small Portuguese study found a raised risk for GSTM1 null but not for GSTT1 null (Alves et al., 2002) . In Turkey, no significant association was found between ALL and the GSTM1-null, GSTT1-null, or CYP1A1*2A genotypes (Balta et al., 2003) . Two studies, in the UK and US, have found an association of low or null function NQO1 genotypes and leukaemia with MLL rearrangements (Wiemels et al., 1999; Smith et al., 2002) .
Results have not been published from the Quebec study on polymorphisms of methylenetetrahydrofolate reductase (MTHFR), which is involved in folate metabolism, but these have been investigated in two other studies of childhood leukaemia. In the larger study, the 677CT and TT genotypes were associated with reduced risk of leukaemia with MLL rearrangements and the 1298CC genotype with a reduced risk of hyperdiploid ALL (Wiemels et al., 2001 ). In the other study, presence of the 677T allele was associated with a reduced risk of ALL (Franco et al., 2001 ). An inverse association between maternal consumption of folate supplements in pregnancy and childhood ALL has been found in one study (Thompson et al., 2001) , but this was based on fewer than 100 cases, and MTHFR polymorphisms and ALL cytogenetics were not evaluated.
Weak predisposition to childhood AML has been less extensively investigated. In the largest study, in the US, the GSTM1-null genotype had a significantly raised odds ratio of 2.0, while the odds ratio of 1.6 for GSTT1 null was not statistically significant (Davies et al., 2000) . A much smaller Turkish study, by contrast, found a significant protective effect for GSTT1 null and no association with GSTM1 (Balta et al., 2003) .
There appears so far to be only one published study of weak predisposition and any other childhood cancer. This was an investigation of myeloperoxidase (MPO) polymorphism in relation to hepatoblastoma (Pakakasama et al., 2003) , in which the A allele was found to have a significant protective effect.
Hitherto, there has been only limited consistency between studies of disease susceptibility in relation to genetic variants (Ioannidis et al., 2001; Hirschhorn et al., 2002) . Childhood leukaemia is no exception to this pattern and, furthermore, studies of genetic polymorphisms as determinants of susceptibility have tended to be based on small numbers of cases. Nevertheless, the results of some studies could help to account for previous findings of associations with various exogenous factors.
Overall, human genetic diversity is overwhelmingly accounted for by differences between individuals within a population rather than by differences between ethnic groups (Barbujani et al., 1997; Rosenberg et al., 2002) . Frequencies of many polymorphisms do show substantial variation between populations (Burchard et al., 2003) , however, and these include some that have been linked to childhood leukaemia. In particular, GSTT1 null, CYP1A1*2A and *2B, and CYP2E1*5 are all more frequent in East Asians than Whites (Garte et al., 2001) , and NAT2 slow acetylator mutations are also more frequent in East Asians (Lin et al., 1994) . These patterns do not appear to produce corresponding variations in the risk of ALL between the ethnic groups as incidence is similar among Asian and White populations at similar levels of socioeconomic development. The MTHFR 677T allele, which has been suggested as protective against ALL, appears to have a particularly high frequency in Hispanic populations of the US (Wilcken et al., 2003) , who also have some of the highest reported incidence rates of ALL.
If further studies confirm the association of specific polymorphisms with childhood cancer, this could have important consequences for follow-up of survivors. For example, some CYP variants that have been associated with ALL may also, alone or in combination with GSTM1 deficiency, increase susceptibility to tobaccorelated cancers in adulthood (Bartsch et al., 2000) , providing an additional reason to discourage smoking among childhood cancer survivors.
Risk factors that need not to be exclusively genetic or environmental in origin
A wide range of congenital anomalies has been reported among children with cancer in the apparent absence of any known genetic syndrome. In the largest populationbased study, 4.4% of children with solid tumours had a congenital anomaly, as against 2.6% of those with leukaemia or lymphoma (Narod et al., 1997) . The highest rates, above 6%, were in Wilms' tumour, hepatoblastoma, Ewing's sarcoma, and germ-cell tumours. Some of these associations may turn out to have a genetic aetiology, perhaps especially where multiple anomalies occur in the same child. Others, such as an excess of neural tube defects in children with CNS tumours, may more plausibly have a shared environmental cause. All four studies that have looked at inguinal hernia in relation to Ewing's sarcoma have found an excess in cases compared with controls (Holly et al., 1992; Winn et al., 1992; Cope et al., 2000; Valery et al., 2003) . As hereditary, congenital and environmental factors all influence the risk of hernia, a common cause for hernia and Ewing's sarcoma could equally be an in utero environmental exposure or a genetic factor (Valery et al., 2003) .
A series of case reports of cancer in children conceived with assisted reproduction technology (ART) gave rise to anxiety over the possible neoplastic risk of ART. Table 6 shows the observed and expected numbers of cases in the four large cohort studies that included all forms of childhood cancer. Details of study design and the range of ART techniques varied between the studies but there is little sign of a marked increase in risk of all childhood cancers combined. One further study, not included in Table 6 , reported a cohort of only 332 births in Israel (Lerner-Geva et al., 2000) . Unsurprisingly, no cancers were found, but this result is impossible to evaluate as the expected number of cancers was given as 1.7, implying an implausibly high cumulative incidence of 1/195 in the child population. Most recently, it was reported that five children diagnosed with retinoblastoma in the Netherlands and born within a 7-year period were conceived by in vitro fertilization (IVF), compared with an estimated 0.69 expected (Moll et al., 2003) . The expected number of cases was based on a lower rate of IVF births than in the Dutch cohort study (Klip et al., 2001) and so the sevenfold relative risk may be an overestimate. Also, the 17 cancers in the Swedish, Australian, and Dutch cohort studies included no cases of retinoblastoma (cancer types were not reported for the two cases in the UK study). Nevertheless, the increasing number of children born by ART and the low statistical power of studies to date weigh strongly in favour of the study of cancer incidence among further, larger cohorts born following ART, both to improve the precision of risk estimates for all cancers combined and to assess the risk of specific types of childhood cancer.
Parental age has been investigated in numerous studies of childhood cancer. There is a well established increasing trend in the risk of ALL with increasing maternal and paternal age despite the tendency for risk to be lower with higher birth order (Dockerty et al., 2001) . The status of very young maternal age as a risk factor in childhood leukaemia is more controversial. In a German case-control study, there was a statistically significant odds ratio of 1.9 for acute leukaemia with maternal age at delivery of less than 20 years compared with age 20-34 years (Schu¨z et al., 1999) . The 1.4% prevalence of mothers aged under 20 years in the control group born during 1986-1994 was low in comparison not only with the 3.3% in the leukaemia cases but also with the 2.9% in the general population of Germany for the same birth years (Schu¨z, 2003) and it was concluded that the high leukaemia risk was likely to be an artefact of nonparticipation bias. Support was given by a recent study from California which was record based and in which the issue of nonparticipation therefore did not arise (Reynolds et al., 2002) ; the nonsignificant odds ratios for maternal age under 20 years compared with age 20-34 years were 0.84 for ALL and 0.56 for AML. In most case-control studies, participation basis has not been investigated, indeed with some commonly used methods of control selection, such as random digit dialling, it would be impossible to assess. In the UK Childhood Cancer Study (UKCCS), however, where controls were selected from registration lists of geographically defined health authorities, control parents who agreed to participate tended to live in more affluent areas than initially selected controls (Law et al., 2002) . While participation bias appears to account for the high odds ratio for young maternal age in the German study, however, there is no universal agreement in other record-based studies, shown in Table 7 , that could not suffer from this bias. In case-control analyses of both lymphoid and myeloid leukaemia in Sweden and in a cohort analysis of myeloid leukaemia in Denmark, the youngest maternal age group was associated with the highest risk.
Environmental and exogenous risk factors
A huge range of environmental or exogenous exposures have been suggested as risk factors for childhood cancer. The IARC monograph Epidemiology of Childhood Cancer (Little, 1999) includes a comprehensive review covering most relevant publications up to 1997. More recent reviews have covered the literature since then relating to all childhood cancers (e.g. Stiller, 2004) or to particular diagnostic groups or specific putative risk factors.
Very few exposures are firmly established as risk factors. The relation between antenatal obstetric irradiation and subsequent cancer in the child was discovered 45 years ago (Stewart et al., 1958) . At that time, diagnostic X-rays in pregnancy may have caused 5% of all childhood cancers but reductions in the use of X-rays since then will have reduced the attributable fraction very substantially.
The only established transplacental carcinogen is the hormone diethylstilboestrol (DES), formerly given to pregnant women with threatened abortion. Exposure in utero caused clear cell adenocarcinoma of the vagina or cervix mainly in young women, although occasionally in girls under 15 (Giusti et al., 1995) . As the use of DES ceased about 30 years ago, no further DES-related childhood cancers should occur.
Of specific infections, EBV, hepatitis B, HIV, and HHV8 are responsible for some of the international variations in incidence of childhood lymphomas, nasopharyngeal carcinoma, hepatic carcinoma, and Kaposi's sarcoma.
Simian virus 40 (SV40) contaminated large quantities of polio vaccine between 1955 and 1963 and some, although not all, laboratory studies have indicated that SV40 is associated with some cancers that occur in children, including brain tumours and osteosarcoma (Vilchez et al., 2003) . Cohort studies of exposed populations, however, have failed to find evidence of increased risk. Some of these studies have been criticized on the grounds that not all vaccine was contaminated and that the extent of use was poorly documented; however, a large national cohort study in Denmark was not subject to these limitations and it, also, found no evidence of increased cancer incidence with SV40 exposure (Engels et al., 2003) . A case-control study of medulloblastoma in Connecticut found that mothers of cases had a significantly higher rate of polio vaccination in pregnancy during the period of SV40 contamination than mothers of controls (Farwell et al., 1984) . When this result is cited in support of an association, however, it is sometimes not mentioned that only 62 cases were born during the relevant period and vaccination status was unknown for 40% of case and control mothers.
A putative risk factor for childhood cancer that has been the subject of greater public concern over the past decade, but for which epidemiological study has been hampered by poor quality data, is intramuscular vitamin K given neonatally to prevent haemorrhagic disease of the newborn. In a pooled analysis of data from six record-based case control studies, including the one that originally gave rise to the concern (Golding et al., 1992) , there was little evidence that intramuscular vitamin K is associated with childhood leukaemia or other childhood cancers . Overall, there was no record of whether or not vitamin K was given for 40% of cases and 35% of controls. In four of the six individual studies, including the original one, the odds ratios for no record of whether vitamin K was given compared with vitamin K definitely not given was higher than that for intramuscular vitamin K. Similar results have since been found in the current UK national case-control study of childhood cancer (Fear et al., 2003) , with over 20% of both case and control children lacking a record of whether vitamin K was given. Especially if record-based case-control studies are carried out by computerized record linkage, or if abstraction from records is carried our without knowing whether each subject is a case or control, they should be free of bias in the proportion of subjects with incorrect or missing information. Studies based on interviews or postal questionnaires are subject to recall bias and this is well illustrated by a recent report from a German national study of parental occupational exposures . The odds ratios for leukaemia were above unity for 77% of self-reported exposures analysed. Among fathers of cases, but not of controls, there was a consistent decline in the proportion reporting exposures before the index child's birth with increasing time since that birth at interview. It seemed likely that this reflected a tendency for case fathers to recall insignificant or infrequent exposures if they had occurred relatively recently. The use of job titles as proxy for exposures was felt to be unsatisfactory, however, as generally low proportions of respondents reported exposures that would be expected on the basis of those job titles. With the exception of a very few exposures, notably ionizing radiation, for which independent records exist, studies of childhood cancer in relation to parental occupational exposures will inevitably rely on data derived from questionnaires. Therefore, improvements are needed in future studies including probing questions and better interview techniques . These considerations of course also apply to many other putative risk factors for childhood cancer that cannot be retrospectively verified, such as the diet of mother and child.
